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NEW & NOTEWORTHY

This is the first study on ErbB2 overexpression in the heart that identifies cardioprotection after doxorubicin treatment. Our findings suggest that an adverse effect on redox signaling pathways necessary for maintaining mitochondrial antioxidant defenses may be an important mechanism of cardiac toxicity induced by drugs that target ErbB2 and Abl kinases.
THE ERBB2 RECEPTOR TYROSINE kinase is a member of the epidermal growth factor receptor (EGFR) family and has an essential role in cardiac function and development (9, 39, 47, 50) . ErbB2 is also important in cancer biology, and dysregulated ErbB2 signaling is implicated in various types of cancer, most notably in breast and ovarian cancer (30, 49) . The clinical link between ErbB2 and heart function was discovered when 27% of ErbB2-overexpressing breast cancer patients treated with doxorubicin and anti-ErbB2 (Trastuzumab/Herceptin) subsequently developed a synergistic cardiac toxicity (57, 65) . We previously reported that doxorubicin treatment induces the expression of ErbB2 in rat heart (19) , but it is still unknown whether this ErbB2 upregulation might serve to counteract oxidative stress induced by doxorubicin. If so, an upregulation of ErbB2 protein in cardiomyocytes could represent a molecular target for anti-ErbB2 therapy to reverse any cardioprotective mechanisms attributed by ErbB2.
Indeed, experimental evidence does suggest that ErbB2 could have a role in regulating antioxidant defenses in cancer (55) . In the heart, however, cardiomyocytes treated with an antibody against ErbB2 have increased cellular death through a reactive oxygen species (ROS)-and mitochondrial-dependent mechanism while siRNA or knockout models report that ErbB2 is essential for protecting against cellular death and oxidative stress (23, 24, 51, 56) . Moreover, activation of the related ErbB4 signaling pathway by the ligand neuregulin (NRG1␤) has antioxidant properties (21, 67) . However, the specific role of ErbB2 as it is related to ROS-scavenging mechanisms has not been defined, and critical in vivo studies to investigate how ErbB2 affects ROS defenses and mitochondrial function in the heart have not been done, largely because ErbB2 knockout mice die prematurely, precluding the study of specific mechanisms of cardiac protection. We therefore sought to further investigate the possible protective role of cardiac ErbB2 upregulation using a recently developed transgenic murine model that selectively overexpresses ErbB2 in cardiomyocytes (62) . Specifically, we used this transgenic mouse model to examine the role of ErbB2 upregulation on mitochondrial function and antioxidant defense mechanisms in the heart. Our studies demonstrate that an upregulation in ErbB2 can induce further upregulation and activation of pathways that converge on protection against oxidative stress.
MATERIALS AND METHODS
Animals
This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals (2011) of the National Institutes of Health (NIH). The protocol was approved by the Animal Care and Use Committee of the Johns Hopkins Medical Institutions (Animal Welfare Assurance No. A-3273-01). The wild-type (WT) and transgenic (TG; ErbB2 tg ) mice used in this study were developed as described previously (62) .
Cell Culture and ErbB2 Overexpression in H9c2 Cell Line
The H9c2 rat cardiomyoblast cell line was obtained from ATTC (Manassas, VA) and maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin antibiotic at 37°C and 5% CO2. The cells were subcultured at a ratio of 1:4 every 3-4 days. H9c2 cells were transfected with rat-neu/ErbB2 or pcDNA 3.1(ϩ) control plasmid DNA using the Fugene HD (Promega, Madison, WI) reagent. Two-day-old litters were genotyped and excised hearts were pooled into WT or ErbB2 tg groups, and ventricular cardiomyocytes were isolated (70) and cultured in MEM supplemented with 20% FBS and 1% penicillin-streptomycin antibiotic. Cultures were treated between 5-6 days when cells were 50% confluent.
Immunoblotting
Frozen left ventricle from WT and ErbB2
tg was rapidly homogenized in lysis buffer (25 mM Na2HPO4, 25 mM NaH2PO4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1% Triton X-100, and 100-fold dilution of protease and phosphatase inhibitors). The lysis buffer was similarly used to lyse the transfected H9c2 cell pellets. Standard gel electrophoresis and immunoblotting were performed (62) on heart tissue and H9c2 cell lysates. The primary antibodies used were directed against glutathione peroxidase 1 (GPx1), glutathione reductase (GR; Abcam, Cambridge, MA), Akt, cytoplasmic Abelson (cAbl), phospho-tyrosine (Cell Signaling, Danvers, MA), ErbB2, EGFR, thioredoxin reductase 2 (TrxR2), SOD2, Prohibitin, GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA), Abelson-related gene (Arg; US Biological, Salem, MA), and catalase (EMD Millipore, Billerica, MA). SOD1 antibody was generated against C. elegans SOD1 (40) . Densitometry was performed using ImageJ (NIH) software. Levels of Akt (62) and GAPDH proteins were measured to normalize protein quantities across tissue and cell lysate samples, respectively.
Immunoprecipitation
Lysates from heart tissue and H9c2 cells were prepared for immunoprecipitation as previously described (62) . Briefly, lysates were incubated with antibodies directed against ErbB2 (Santa Cruz Biotechnology), c-Abl (Santa Cruz Biotechnology), or Arg (US Biological) at 4°C overnight. Depending on the antibody, the lysates were then incubated with either Protein A or G beads (GE Healthcare Life Sciences, Pittsburgh, PA) at 4°C overnight; the supernatant was discarded and urea buffer with beta-mercaptoethanol was added to the beads. The supernatant was loaded on a SDS gel and the immunoblotting protocol was followed as described above.
Mitochondria Isolation from Hearts
Mitochondria were isolated from hearts as described previously (20) . Briefly, hearts were excised from WT and ErbB2 tg mice, minced, and placed in a 30-ml homogenizer containing 3 ml of mitochondrial isolation buffer (0.7 mg/ml per mouse heart; 10 mM HEPES, 0.25 M sucrose, 1 mM EGTA, Nagarse, and Protease Type XXIV from Bacillus licheniformis; Sigma-Aldrich, St. Louis, MO). The tissue was homogenized, followed by a series of differential centrifugations at 4°C (20) . The final mitochondrial pellet was resuspended in the mitochondrial resuspension buffer (10 mM HEPES, 0.25 M sucrose, and 0.1% BSA) with protease inhibitors (Roche Applied Science, Indianapolis, IN) and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich) added at a 100-fold dilution.
ROS Measurements-Amplex Red
The Amplex Red assay (Invitrogen, Carlsbad, CA) was used to measure hydrogen peroxide (H2O2) content from the isolated heart mitochondria. The mitochondria were energized with succinate (1, 63) in both unstimulated (ϪADP) and stimulated (ϩADP) states.
Electron paramagnetic resonance analysis. For preparation of tissue for electron paramagnetic resonance spectroscopy (EPR), frozen ventricles were homogenized in lysis buffer [12.5 mM Na2HPO4, 12.5 mM NaH2PO4, 75 mM NaCl, 10% glycerol, 0.5 mM EDTA, 1:100 of phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich), and 1 tablet of complete mini EDTA-free protease inhibitor (Roche Applied Science, Indianapolis, IN)] using Precellys Homogeneizer (Precellys, Montigny-le-Bretonneux, France). Nonsoluble fractions were removed by centrifuge at 15,000 g. Protein concentrations were determined by Pierce BCA protein assay kit (Life Technologies) and normalized to 1 g/l. Stock solutions of 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine hydrochloride (10 mM CPH; Enzo Life Sciences, Farmingdale, NY) were made in nitrogen purged 0.9% (wt/vol) NaCl, 25 g/l Chelex 100 (Bio-Rad), and 0.1 mM DTPA. Seventy microliters of protein extracts were combined with the CPH probe (1 mM) (15) . Samples were assayed in 50-l glass capillary tubes at room temperature using the Bruker X-band EPR spectrometer (Bruker, Billerica, MA). Spectrometer settings were as follows: sweep width, 100 G; microwave frequency, 9.75 GHz; modulation amplitude, 1 G; microwave power, 3.2 mW; conversion time, 5.12 ms; time constant, 5.12 ms; receiver gain, 2 ϫ 10 4 ; and number of scans, 4. EPR intensities were converted to the density of spin probe and calculated ROS production rate (pmol·g Ϫ1 ·min Ϫ1 ). ROS measurements-DCF-DA. The formation of ROS in transfected H9c2 cells or mouse neonatal ventricular cardiomyocytes treated with vehicle/doxorubicin (Bedford Laboratories, Bedford, OH) was measured using 50 M of 2,7-dichlorodihydrofluorescein diacetate (DCF-DA; Sigma-Aldrich) at an excitation of 485 and 522 nm emission.
MTT and LDH Assays
Cell viability of the vehicle-or doxorubicin-treated, transfected H9c2 cells was measured using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay to assess mitochondrial dehydrogenase function. The cells were incubated with 5 mg/ml MTT reagent in PBS at 37°C for 4 h. The insoluble purple formazan was dissolved in 100 l of dimethyl sulfoxide and the absorbance was read at 570 nm on a microplate reader. For cell viability studies in isolated neonatal mouse cardiomyocytes, the release of cytosolic lactate dehydrogenase (LDH) was measured based on the protocol found in Ref.
6 using reagents obtained from the CytoTox-ONE Homogenous Membrane Integrity Assay kit (Promega).
Mitochondrial Respiration Studies
Respiration was measured using freshly isolated heart mitochondria (200 g of mitochondrial protein) that were added to a 25°C chamber containing mitochondrial respiration buffer (120 mM KCl, 1 mM EGTA, 5 mM MOPS, 5 mM K 2HPO4, and 0.2% BSA). Oxygen consumption was monitored with a Clark-type O2 electrode (Instech, Plymouth Meeting, PA) connected to an O2 monitor (model 5300; YSI, Yellow Springs, OH) (10, 31) . Glutamate/malate (10 mM/2 mM) was added to the chamber followed by ADP (0.5 mM) for measurement of state 3 and 4 respiratory rates.
Complex I Activity Assay
Complex I activity was measured based on the 2,6-dichlorindophenol (DCIP) method (32, 42) . Mitochondria isolated from WT and ErbB2 tg hearts were added to a reaction mixture (20 l of 10 g/ml of mitochondrial protein resuspended in 180 l of 25 mM KPi pH 7.4, 3 mg/ml BSA, 60 M decylubiquinone, 160 M DCIP, 80 M NADH, 2 M antimycin, and 2 mM KCN) in a 96-well plate. The assay rate was kinetically monitored at 595 nm for 3 min. Rotenone (4 M) was added to the reaction mixture to assess rotenoneinsensitive complex I activity.
Activity Assays for GPx, GR, and Quantification of Glutathione
GPx activity in whole heart homogenates and isolated heart mitochondria was measured with a NADPH-linked enzymatic assay to monitor the decrease in NADPH absorbance at 340 nm. Reagents were obtained from the GPx activity assay kit ADI-900-158 (Enzo Life Sciences, Plymouth Meeting, PA). GR activity in whole heart homogenates was measured by the rate of NADPH oxidation at an absorbance of 340 nm. Reagents were obtained from a GR activity assay kit (Cayman Chemical, Ann Arbor, MI). Glutathione was quantified as described in Ref. 41 using 5,5=-dithiobis-(2-nitrobenzoic acid) (DTNB) and GR. NADPH was added to the samples and the absorbance was recorded at 412 nm for 3 min.
TrxR2 Activity Assay
Mitochondria were isolated from WT and ErbB2
tg mouse hearts and the mitochondrial membranes were removed by a series of freeze-thaw cycles between dry ice and ethanol at 37°C. The supernatant was collected and prepared in a master mix (5 mM DTNB, 8% ethanol, and 300 M NADPH) and PE buffer (100 mM potassium phosphate and 2 mM EDTA, pH 7.0). TrxR2 activity was measured by the reduction of 5,5-dithio-bis (2-nitrobenzoic acid) (DTNB) by TrxR2 and NADPH at an absorbance of 412 nm (60) .
SOD Enzymatic Activity
SOD enzymatic activity was assayed according to the protocols described previously in (17, 40) . Analysis of SOD activity was performed by nondenaturing gel electrophoresis with nitro blue tetrazolium staining (17) .
Treatment of H9c2 Cells with Doxorubicin
Dosages for doxorubicin were determined according to published studies of doxorubicin-treated H9c2 cells (43) . For ErbB2 overexpression studies, doxorubicin was added to the H9c2 cells at 24 h posttransfection. Assays for ROS production and cellular viability were performed 6 -24 h after drug treatment.
Statistical Methods
GraphPad Prism software (GraphPad, La Jolla, CA) was used to perform statistical analysis. After determining means and standard deviations, the Student unpaired t-test was used to determine significance of differences between two groups. Two-way ANOVA and Tukey's post hoc tests were performed for multiple comparisons. P Ͻ 0.05 was accepted as a significant difference.
RESULTS
GPx Expression and Activity Are Increased in Hearts Overexpressing ErbB2
Recognizing that total cellular levels of ROS represent the balance of production and scavenging (1, 2), we first focused on how ErbB2 overexpression affects mechanisms of ROS removal by analyzing the activities of multiple antioxidant enzymes. We found that total GPx activity is increased in ErbB2 tg whole hearts and isolated mitochondria compared with levels in WT controls (Fig. 1, A and B) . We did not detect any differences in GSH levels when comparing WT and ErbB2 tg hearts (Fig. 1C) . Consistent with GPx increased activity, we also noted that ErbB2 tg hearts express significantly higher levels of GPx1 protein compared with WT hearts (Fig. 1D) , with cell fractionation experiments showing that cytosolic fractions have roughly twofold higher GPx1 protein but the majority of the protein is from the mitochondrial fractions with eightfold higher levels of GPx1 protein expression in ErbB2 tg than in WT hearts (Fig. 1E) .
Since neuregulin-1␤ treatment upregulates GR mRNA in adult rat ventricular cardiomyocytes (67), we also measured GR protein expression and activity from myocardium under ErbB2 overexpression. However, we found no difference (Fig.  2, A and B) in GR protein expression or activity between WT and ErbB2 tg mouse myocardium. Next, we assessed whether the antioxidant thioredoxin pathway is regulated by ErbB2 overexpression. TrxR2 protein levels and activity were measured in whole heart homogenates and mitochondria, with no significant differences found between hearts from WT and ErbB2 tg mice (Fig. 2, C and D) . However, we determined that ErbB2 overexpression in the heart upregulates the antioxidant catalase (Fig. 2E) , an important scavenger of H 2 O 2 .
ErbB2 tg Heart Mitochondria Have Lower Levels of H 2 O 2 and Similar Mitochondrial Function as WT Heart Mitochondria
Since catalase and GPx were both increased in the hearts of ErbB2 tg mice, we next sought to measure H 2 O 2 . ErbB2 can signal to protective pathways through homodimerization without ligand activation (4, 72 ), yet it is not known if ErbB2 upregulation and signaling is protective against oxidative stress, similar to neuregulin-1␤ signaling. For example, in vitro studies have shown that ErbB4 pathway activation in rat cardiomyocytes treated with neuregulin-1␤ (a ligand for ErbB4) causes an upregulation of specific antioxidant enzymes, such as GR, thioredoxin, thioredoxin reductase 1, and glutathione S-transferase P1 as well as protection against oxidative stress (21, 67) . We asked whether ErbB2 upregulation in cardiomyocytes could induce a similar protective antioxidant condition.
Since mitochondria represent an important source of ROS (35, 46), we measured H 2 O 2 emission during reverse electron transport (RET) with succinate using the Amplex Red assay. We show that isolated mitochondria from ErbB2 tg hearts release significantly less H 2 O 2 under RET than WT heart mitochondria (Fig. 3A) . The reduced H 2 O 2 is consistent with the findings that mitochondrial GPx is significantly increased in ErbB2 tg hearts, since GPx metabolizes and reduces levels of H 2 O 2 . Since ROS are a normal product of the mitochondrial electron transport chain, next, we assessed complex I activity and did not find any difference between WT or ErbB2 tg heart mitochondria (Fig. 3B) . We further assessed mitochondrial function by measuring the mitochondrial oxygen consumption rate with substrates of complex I (glutamate/malate). The data indicate that the amount of oxygen consumed under states 4 and 3 respiration was also similar between WT and ErbB2 tg mitochondria; furthermore, cardiac mitochondria from both groups of animals have similar respiratory control ratio values (Fig. 3, C and D We found that SOD levels and activity were similar between ErbB2 tg and WT hearts (Fig. 4, A and B) . Thus a decrease in SOD is not the explanation for reduced basal mitochondrial H 2 O 2 emission in the ErbB2 tg mice. Taken together, these data further indicate that the heightened GPx protein levels in the mitochondrial fraction from the ErbB2 tg mice are mainly responsible for decreasing basal H 2 O 2 release from mitochondria.
To further analyze whether ErbB2 tg mice hearts exhibit less oxidative stress, we measured basal oxidative stress of whole 
Akt is the loading control protein, and values are fold increase over controls. *P Ͻ 0.05. Fig. 2 . Glutathione reductase (GR) and thioredoxin reductase 2 (TRXR2) are unchanged by overexpression of ErbB2 in the heart. Catalase protein levels are increased in the ErbB2 tg hearts. A and B: GR protein levels and activity (n ϭ 7 per group) are not different between the WT and TG hearts. C and D: no difference in TRXR2 protein levels (n ϭ 5 per group) or activity (n ϭ 6 per group) was found between both groups of animals. E: catalase protein levels are increased in the TG hearts (n ϭ 6 per group). Values represent the means Ϯ SD. Representative immunoblots are shown. Akt is the loading control protein and values are fold increase over controls. *P Ͻ 0.05. hearts using the EPR method and the CPH cyclic hydroxylamine spin probe. This probe will react with reactive species other than superoxide such as peroxynitrite (14, 15, 37) . We found that ErbB2 tg hearts have a lower baseline oxidative stress, which is in agreement with our aforementioned findings (Fig. 4C) . Furthermore, in studies using isolated neonatal mouse cardiomyocytes from WT and ErbB2 tg hearts, we determined that ErbB2 overexpression is protective against doxorubicin-induced ROS and cellular death by the DCF-DA and LDH assay, respectively (Fig. 5, A and B) .
ErbB2 Overexpression Upregulates Nonreceptor Tyrosine Kinases c-Abl and Arg, Two Kinases Linked to GPx and Catalase Activation
Since ErbB2 overexpression decreases mitochondrial H 2 O 2 and related scavenging enzymes are elevated in the heart of ErbB2 overexpressors, we next investigated a potential mechanism of ErbB2's role in activation of H 2 O 2 -metabolizing enzymes. The nRTKs c-Abl and Arg have been recently linked to GPx activity regulation. For example, in vitro studies in mouse embryo fibroblasts (WT and c-abl Ϫ/Ϫ arg Ϫ/Ϫ ), 293 and SH-SY5Y cells showed that GPx activity is regulated by c-Abl and Arg kinases (5) . Furthermore, the Abl kinase inhibitor imatinib mesylate is known to decrease GPx activity in vivo in the rat heart (53). Additionally, Abl kinases have been shown to regulate catalase activity (6) .
We hypothesized that ErbB2 overexpression in the heart, with increased GPx activity, and less basal mitochondrial H 2 O 2 levels, would have elevated and activated c-Abl and Arg that would then regulate antioxidant enzyme activity. The underlying rationale of our hypothesis is provided by cancer studies showing coimmunoprecipitation of ErbB2 with c-Abl and Arg Fig. 3. ErbB2 tg heart mitochondria release less H2O2 compared with WT hearts, and functional studies with complex I substrates indicate that the respiratory function of isolated mitochondria from ErbB2 tg hearts is not different compared with controls. A: isolated mitochondria from ErbB2 tg hearts have lower mitochondrial H2O2 emission than the WT hearts as determined by the Amplex Red assay (n ϭ 6 per group). B: results from isolated heart mitochondria show that complex I enzyme activity (n ϭ 6 per group); state 4 and state 3 respiratory rates (C; n ϭ 8 per group) and the respiratory control ratio (RCR; state 3/state 4) are similar between both groups of animals (D; n ϭ 8 per group). Values represent the means Ϯ SD. *P Ͻ 0.05. Fig. 4 . ErbB2 overexpression decreases reactive oxygen species (ROS) levels and does not alter SOD activity or protein levels. A and B: SOD activity was assessed by native gel electrophoresis and nitro blue tetrazolium staining. Activities and protein levels of SOD1 and SOD2 are not different between both groups of animals (n ϭ 4 per group). Akt is the loading control protein, and values are fold increase over controls. Representative immunoblots are shown. C: results from an EPR analysis using the 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine hydrochloride (CPH) probe indicate that the ErbB2 tg hearts have lower levels of ROS compared with WT hearts (n ϭ 4 per group). Values represent the means Ϯ SD. *P Ͻ 0.05.
peptides (58, 59) and is important in Abl kinase activation. To our knowledge, the overarching role of ErbB2 in the regulation of nRTKs, with the subsequent activation of GPx, has not been investigated. Interestingly, representative immunoblots and densitometric analysis of phosphorylated (activated) (Y245) c-Abl and total c-Abl demonstrated that, compared with WT, the hearts from ErbB2 tg mice exhibit increased levels of these proteins (Fig. 6A) . Phosphorylation at the tyrosine 245 moiety located in the kinase domain of c-Abl contributes to c-Abl kinase activation (25) , and ErbB2 tg hearts have higher levels at baseline indicating high activity (Fig. 6A) . Furthermore, our immunoprecipitation data reveal that c-Abl binds to ErbB2 in the transgenic hearts (Fig. 6B) further connecting ErbB2 to the Abl kinases in vivo.
Our previous studies on ErbB2 overexpression in the heart showed a concurrent upregulation of EGFR (62) , as this phenomena has been observed in cancer cells with ErbB2 upregulation (22, 28) . Furthermore, in addition to ErbB2, EGFR is also known to bind and activate Abl kinases in breast cancer cells; consequently, the activities of EGFR cannot be excluded here (59) . Parallel in vitro studies have shown that activated Abl kinases phosphorylate EGFR and prevent liganddependent internalization of the EGFR receptor (66), a potential mechanism of EGFR upregulation under ErbB2 overexpression. Our immunoblotting results show that c-Abl also binds to EGFR, as well as ErbB2 (Fig. 6B ). Additionally, the protein level of another nRTK Arg is also elevated in ErbB2 tg mice hearts (Fig. 6C ) and we demonstrate that Arg binds to the ErbB2 protein in the hearts overexpressing ErbB2 (Fig. 6D ).
H9c2 cells Overexpressing ErbB2 Are Protected Against Doxorubicin-Induced Oxidative Stress and Cellular Death
Since our results show that ErbB2 overexpression in the heart regulates GPx and Abl kinases, with ROS emission reduced, we sought to determine whether ErbB2 overexpression is protective against oxidative stress and cytotoxicity induced by doxorubicin in H9c2 cells, a cardiomyoblast cell line that is often used as an alternative in vitro model to cardiomyocytes and in doxorubicin toxicity studies (45, 54, 71) . Representative immunoblots of lysates from H9c2 cells with transient overexpression of ErbB2 compared with the vector control (Fig. 7A) show that ErbB2 is upregulated and phosphorylated, indicative of activation (Fig. 7B) .
A widely known consequence for inhibiting ErbB2 is cellular death (23, 24, 51, 56) . While many studies have shown the deleterious effects from blocking ErbB2, no studies have been performed in an ErbB2 overexpression model to identify cardioprotective effects. Our results indicate that ErbB2 when overexpressed is protective against oxidative stress elicited by tg hearts (n ϭ 7 per group). B: c-Abl was immunoprecipitated (IP) from whole heart homogenates and coimmunoprecipitated with ErbB2 (n ϭ 6 per group) and epidermal growth factor receptor (EGFR; n ϭ 2 per group) as shown in representative immunoblots. WB, Western blot. C: representative immunoblot of Arg shows higher expression of Arg in the ErbB2 tg hearts compared with the WT group (n ϭ 7 per group). D: Arg was immunoprecipitated from whole heart homogenates and coimmunoprecipitated with ErbB2 (n ϭ 6 per group). Values represent the means Ϯ SD. Akt is the loading control protein and values are fold increase over controls. *P Ͻ 0.05. doxorubicin treatment as measured using the DCF-DA fluorescent probe (Fig. 7C) . Additionally, there is less cytotoxicity in cells treated with doxorubicin when they overexpress ErbB2, as measured by a MTT assay (Fig. 7D) , which parallels the reduction in ROS levels.
We next explored whether the in vivo role of ErbB2 in the heart, regarding upregulation of antioxidant enzymes, could be recapitulated in an in vitro system of H9c2 cells. Surprisingly, GPx enzyme activity was not elevated in H9c2 cells (Fig. 8A) , as was observed in the heart of ErbB2 tg mice (Fig. 1A) . Since neuregulin-1␤ treatment of cardiomyocytes in cell culture resulted in increased GR gene expression (67), we next measured GR activity in ErbB2 transfected cells and found that GR was indeed elevated (Fig. 8B) , suggesting that GR contributes to the cellular protection and lower ROS emission seen with ErbB2 transfection after doxorubicin treatment. Protein levels of GPx1 and GR proteins, however, are unchanged by overexpression of ErbB2 in H9c2 cells (Fig. 8, C and D) .
DISCUSSION
The antioxidant role of ErbB2 upregulation in the heart has not been studied in any in vitro or in vivo cardiac system. Here we show that ErbB2 overexpression significantly decreased the levels of ROS while increasing the protein level of GPx1 as well as its activity in the heart. Accordingly, using EPR methods in whole heart and Amplex Red detection in isolated heart mitochondria we found significantly lower levels of ROS in the ErbB2 overexpressors. The ErbB2-mediated regulatory mechanism of GPx activity may be related to the action of c-Abl and Arg nonreceptor tyrosine kinases. These Abl kinases and active forms were elevated under ErbB2 expression in the heart and are also known to activate both GPx and catalase enzymes in cancer cells (5, 6) . We also found that catalase is upregulated when ErbB2 is overexpressed.
The H 2 O 2 -scavenging enzyme GPx1 is primarily located in the mitochondria, where H 2 O 2 was significantly decreased under ErbB2 overexpression. When mitochondrial function was evaluated we found that it was not adversely affected by ErbB2 overexpression in cardiomyocytes in vivo. While studies in neonatal rat cardiomyocytes have shown that ErbB2 inhibition leads to cellular death and ROS generation through mitochondrial-dependent pathways (23, 24) , we observed that with ErbB2 overexpression complex I activity and O 2 con- sumption rate from complex I substrates were comparable between WT and ErbB2 tg mice mitochondria. The ability to reduce mitochondrial ROS release by increased intramitochondrial scavenging would be expected to protect the heart under conditions of enhanced ROS production, such as doxorubicin toxicity.
GPx and catalase enzymes are both regulated by Abl kinases. In the current study, both ErbB2 and EGFR immunoprecipitated with c-Abl and Arg kinases, and this protein: protein interaction has been shown to activate Abl kinases in cancer cells (58, 59) . Additionally, c-Abl and Arg are known to bind to EGFR and are activated by EGF in breast cancer cell lines (59) . Our findings that ErbB2 overexpression induces upregulation of c-Abl and Arg and that ErbB2 immunoprecipitates with both c-Abl and Arg constitute a first demonstration in the heart. Interestingly, ErbB2 overexpression in the heart and in cancer cells is associated with a corresponding upregulation of EGFR.
The link between Abl kinases and GPx has already been reported in the heart (53). We suggest that ErbB2 regulation of GPx activity may be related to the action of c-Abl and Arg nonreceptor tyrosine kinases, as these kinases and active forms were elevated under ErbB2 expression and are also known to activate both GPx and catalase enzymes (5, 6) . The importance of c-Abl and Arg in cardiac growth and development (8, 52 ) is highlighted in studies showing that drugs such as imatinib mesylate (Gleevec) that target and inhibit c-Abl/Arg also cause cardiac dysfunction with subsequent reduction of cardiac GPx activity (27, 29, 33, 53) . Our findings are in agreement with these previous studies with additional evidence showing that ErbB2 protein upregulates c-Abl/Arg and GPx expression and activity. Furthermore, these data are in agreement with the idea that the Abl signaling pathway is another potential target to induce cardiac toxicity when inhibited by anti-ErbB2 cancer therapy.
ErbB2 overexpression significantly decreases doxorubicin toxicity in H9c2 cells by decreasing ROS levels and preserving mitochondrial dehydrogenase function. Similarly, neonatal cardiomyocytes isolated from ErbB2 tg hearts have lower ROS levels and less cellular death following treatment with doxorubicin. This may be clinically relevant as doxorubicin likely upregulates ErbB2 in human heart, acting as an antioxidant defense mechanism. Oxidative stress is one important mechanism in doxorubicin-induced cardiac dysfunction (7, 48) and this drug is known to generate ROS by redox cycling at complex I in the respiratory chain (7, 11, 16) . Clinical studies using radiolabeled anti-ErbB2 and SPECT imaging showed that more anti-ErbB2 binds in the heart after doxorubicin treatment (3) . These clinical studies are in agreement with our earlier findings that doxorubicin increases ErbB2 in the rat heart (19) . In the current study, our findings that GPx and catalase activities are elevated additionally support the antioxidant role of ErbB2.
Together, our data suggest a new role for ErbB2 in the regulation of antioxidant systems such as GPx and catalase and the associated decrease in ROS levels in cardiomyocytes. Furthermore, GPx is upregulated in cardiac hypertrophy and downregulated in heart failure (13, 26, 34) and levels of ErbB2 in the human heart likely reflect the same expression profile as GPx. This transgenic model of cardiac ErbB2 overexpression exhibits hypertrophy that does not progress to overt heart failure with wall thinning. Oxidative stress has been reported to favor the progression from compensated hypertrophy to overt heart failure (12, 64) . Consequently, we suggest that the cardioprotective role of ErbB2 in the hypertrophic state is promoted by its ability to reduce oxidative stress.
In vivo vs. in vitro overexpression of ErbB2 has different outcomes in regard to regulation of ROS-scavenging enzymes. In vitro studies of ErbB2 overexpression in H9c2 cells revealed that ErbB2 upregulates GR activity, yet in vivo studies showed that GPx enzymatic activity was upregulated in transgenic hearts overexpressing ErbB2. We suspect the redox differences of the heart compared with cell culture conditions could be a factor determining which enzyme is upregulated. Others have shown that GR mRNA was also upmodulated in cultured rat adult cardiomyocytes treated with neuregulin-1␤, the ligand for ErbB3 and ErbB4 (67) . Possibly, cultured cells have a greater dependence on GR activity. As a caveat, in our studies, H9c2 cells were incubated in DMEM that does not contain glutathione. Other differences between in vivo and in vitro models of ErbB2 overexpression could be important in the regulation of GR vs. GPx including cell cycle differences, the contribution from multiple cell types in vitro (i.e., adult vs. neonatal cardiomyocytes) and in vivo (e.g., cardiomyoctyes, endothelial cells, fibroblasts) (68) , and the extent of hypertrophic signaling or the timing effects such as acute upregulation in cell culture but chronic upregulation in vivo in the heart.
We cannot rule out the possibility that the hypertrophic phenotype is necessary for GPx activity in the ErbB2 tg mouse heart, since GPx activity is increased in models of chronic, stable hypertrophy without heart failure. Yet, both the in vivo and in vitro ErbB2 overexpression models studied here had a similar outcome, in that ErbB2 overexpression provides an enzymatic means to reduce oxidative stress in agreement with the mechanism of cell protection observed in vitro after doxorubicin treatment.
In the chronic elevation of the receptor tyrosine kinase ErbB2, a negative feedback mechanism may be present to reduce H 2 O 2 , to subsequently reduce chronic signaling. This could occur since multiple receptor tyrosine kinases have been linked to H 2 O 2 production for amplification of the signal. For example, the phosphatase and tensin homolog on chromosome 10 (PTEN) was shown to be inactivated when oxidized by H 2 O 2 but not superoxide (38) . Many studies have focused on H 2 O 2 in signaling and it is relatively stable in cells key in this role (18, 61) . H 2 O 2 has been called an insulinomimetic in RTK insulin receptor signaling (44) . Furthermore, there is evidence that H 2 O 2 can increase phosphorylation of ErbB4, independent of neuregulin (36). Thus we suggest a feedback system is in place where the RTKs EGFR and ErbB2 are in a complex with the Abl kinases, known to increase GPx levels and activity, and reduce H 2 O 2 . Since higher levels of H 2 O 2 would further amplify ErbB2 signaling, a feedback mechanism to reduce H 2 O 2 is activated to modulate pathway activity for cell homeostasis.
Conclusions and Translational Implications
The findings herein contribute to our understanding of toxicological mechanisms that can increase the vulnerability of cardiac mitochondria and heart function after anti-ErbB2 and doxorubicin treatments. It is possible that drug therapies that specifically target ErbB2 are effectively inhibiting antioxidant systems that are necessary for maintaining normal heart function, especially conditions of hypertrophy or oxidative stress triggered by doxorubicin. Our findings suggest that adverse effect on crucial redox signaling pathways involved in maintaining antioxidant defenses may be an important mechanism of cardiac toxicity induced by drugs that target ErbB2 and Abl kinases.
